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Within the general theory of relativity, the curvature of spacetime is related to the energy and 
momentum of the present matter and radiation. One of the more speciﬁc predictions of general relativity 
is the deﬂection of light and particle trajectories in the gravitational ﬁeld of massive objects. Bending 
angles for electromagnetic waves and light in particular were measured with a high precision. However, 
the effect of gravity on relativistic massive particles was never studied experimentally. Here we propose 
and analyze experiments devoted to that purpose. We demonstrate a high sensitivity of the laser 
Compton scattering at high energy accelerators to the effects of gravity. The main observable – maximal 
energy of the scattered photons – would experience a signiﬁcant shift in the ambient gravitational ﬁeld 
even for otherwise negligible violation of the equivalence principle. We conﬁrm predictions of general 
relativity for ultrarelativistic electrons of energy of tens of GeV at a current level of resolution and expect 
our work to be a starting point of further high-precision studies on current and future accelerators, such 
as PETRA, European XFEL and ILC.
© 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Einstein’s theory of general relativity (GR) is a well established 
theory of gravity conﬁrmed in all observations and experiments to 
date [1]. One of the classical and essential tests of GR is based 
on the gravitational light bending in the presence of a large mas-
sive body. Measurements of the light bending deﬂection started 
from a spectacular observation of starlight deﬂection during a so-
lar eclipse about a century ago [2], and were expanded to radio-
waves becoming very precise [3,4]. For the Earth, however, a direct 
experimental measurement of the gravitational bending remains 
infeasible because of the smallness of the expected deﬂection [5], 
about 3 nrad:
θ⊕ = 4GM⊕
c2R⊕
≈ 2.78× 10−9, (1)
where G is the gravitational constant and c is the speed of light 
(which we will put to c = 1 in order to work in natural units). The 
bending magnitude for the light generated and studied in a ground 
based experiment will be even smaller,
θlab = 2GM⊕
c2R⊕
(
L
R⊕
)
, L  R⊕, (2)
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SCOAP3.where L is the length of the light trajectory. Thus, for a distance 
of 1 m, this angle is only 2 × 10−16 rad and the light shifts by 
0.2 fm, which is undetectably small, at least for a direct measure-
ment. However, the bending property of gravity can be used to 
test its effect on the relativistic massive particles (which is not 
known neither from the ground based experiments, nor from as-
trophysical observations) through an effective refractive index. The 
equivalence principle predicts impossibility of any of such Earth-
based tests, since all processes will be the same as in the absence 
of the Earth’s (or any other ambient) gravitational ﬁeld. However, 
there are no proofs of the equivalence principle at high energies 
either.
In this article, we describe a laboratory method that tests the 
validity of the equivalence principle at high energies utilizing the 
concept of the gravitational bending. In brief, we consider the 
high-energy Compton scattering, where the main observable – 
maximal energy of the scattered photons (Compton edge) – is ex-
tremely sensitive to the (relative) gravitational bending angle of 
the photon and an electron, even in the Earth’s weak gravitational 
ﬁeld. In some sense, this is an ultrarelativistic version of the fa-
mous Eötvös experiment [6,7], where even a small difference in 
the action of gravity on different materials would cause a notice-
able change in the torsion pendulum orientation. In our case, even 
a tiny deviation from the action of gravity on the photon and 
electron (besides the one prescribed by GR) would result in a sig-
niﬁcant shift of the Compton edge.under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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In order to study the effect of gravity on the relativistic particles 
we use an elegant reformulation of Riemannian geometry in terms 
of optics of continuous medium in a ﬂat space. The idea is that 
the gravity bends trajectories of particles in a way that mimics the 
presence of a nontrivial effective refractive index. This idea going 
back to the early ages of general relativity [8], was suggested by 
Einstein himself and was employed by many authors, see Ref. [9]
and the references therein. Let us demonstrate how such refrac-
tive indices for the photon, n, and electron, ne , can be derived. 
The Earth’s gravitational ﬁeld, i.e. static weak ﬁeld of a spherically 
symmetric body, can be described by the isotropic metric,
ds2 =H2dt2 −H−2(dx2 + dy2 + dz2), (3)
where, on the surface of the Earth,
H≡
√
1− 2GM⊕
R⊕
. (4)
Unless noted otherwise, we do not consider gravitational potentials 
from other celestial bodies. We will return to this discussion at the 
end of the paper. Trajectory of a photon (light) is described by null 
geodesics, ds2 = 0, which leads to the expression on the coordinate 
speed of light vγ and the refractive index n,
c
n
= vγ ≡
∣∣∣∣dxdt
∣∣∣∣=H2. (5)
In other words, this introduces an effective dispersion relation for 
the photon, k = nω with
n = 1+ 2GM⊕
R⊕
≈ 1+ 1.39× 10−9 . (6)
The latter expression has also been derived by other authors, see, 
e.g., [10–12]. For a massive probe particle moving with the coordi-
nate speed vm , the line element can be rewritten then as
ds2 =H2
(
1− n2v2m
)
dt2, (7)
and the relativistic action takes the form
S = −
∫
mds = −
∫
mH
√
1− n2v2mdt . (8)
Using this action, one can easily obtain the coordinate momentum 
p and the Hamiltonian (energy) E ,
p = mHn
2√
1− n2v2m
vm, E = mH√
1− n2v2m
. (9)
The electron refractive index, ne ≡ p/E , is then
ne = n2vm = n
√
1− m
2H2
E2 . (10)
One has to keep in mind that the physical observables in GR for 
the metric (3) should be obtained by rescaling of the coordinate 
ones (e.g., v˜ =H−2v , p˜ =Hp, E˜ =H−1E ). In this case, the physi-
cal dispersion relations for the photon, k˜ = ω˜, and for the electron, 
E˜2 = p˜2 + m2, have the same form as in the absence of gravity. 
However, if the Newton constant for the relativistic electron, Ge , 
and the photon, Gγ , are different, at least one of the dispersion re-
lations should be modiﬁed. For the sake of simplicity, we perform 
calculations with the coordinate observables. One can substitute 
the physical values for the observables in the ﬁnal expressions, 
since H≈ 1 within considered precision.Fig. 1. Compton scattered photons’ maximal energy (Compton edge) dependence on 
the initial electron energy for a head-on collision with 514.5 nm laser light. Solid 
and dashed lines correspond to the situations Ge = 0 (i.e. ne = β) and Ge = Gγ , 
respectively.
The main difference between the gravitational “medium” pre-
sented by Eq. (6) and any material medium is the bending inde-
pendence on frequency of light or photon energy, which is a con-
sequence of the gravity geometrical interpretation or the curved 
space–time concept. Another important difference is that the op-
tical refractive index is a property of light only, while the gravity-
induced index is a property of any kind of matter or radiation. 
This manifests itself in, e.g., absence of the vacuum Cherenkov ra-
diation induced by gravity, as one can easily deduce from Eq. (10), 
i.e. there is never a situation when vm > vγ .
3. The Compton process in a gravitational ﬁeld
High energy Compton scattering describes a photon of energy 
ω0 which scatters off an electron with mass m and energy E 
m and acquires an energy ω  ω0. In order to demonstrate the 
sensitivity of the process to gravity, let us assume for a moment 
that ne = β ≡
√
1−m2/E2, i.e. electrons are not attracted to the 
Earth while being attracted by other celestial bodies. Then, from 
the energy–momentum conservation, with n ≈ 1, we derive
n − 1 = m
2
2E(E −ω)
(
1+ x+
(E −ω
m
)2
θ2 − x E
ω
)
, (11)
where x = 4Eω0 sin2 (θ0/2)/m2, with the initial photon’s angle be-
ing denoted by θ0, while the scattered photon angle is θ  1; 
the angles are deﬁned relative to the electron. This kinematic ex-
pression is derived for small refractivity and high energies, i.e., 
the O((n − 1)2), O(θ3), and O((m/E)3) terms are neglected. The 
formula allows us to ﬁnd the maximal energy ω = ωmax of the 
scattered photons (so-called Compton edge, at θ = 0) in the Earth’s 
gravitational ﬁeld.
Now, if the gravity affects relativistic electrons as well, in the 
way prescribed by Eq. (10), then the electron momentum is p =
neE , and the same derivation from the energy–momentum conser-
vation will give us the Compton edge,
ωmax = Ex
1+ x , (12)
for any refractive index n close to unity, which is a natural conse-
quence of the equivalence principle, i.e., within GR, it is impossible 
to observe the effect of gravity in a free-falling system.
To compare the resulting dependencies for an intentionally 
wrong case, Ge = 0, and the case predicted by GR (10), we take 
ω0 = 2.41 eV (green, 514 nm, Argon ion laser), θ0 ≈ π , and vari-
ous energies of the accelerator electrons, see Fig. 1. The plot shows 
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range available to accelerating laboratories.
The complete absence of the effect of gravity on the electron 
is, of course, unrealistic and was used for demonstration purposes 
only. We expect deviations from GR to be subtle, if present, since 
otherwise they would have been observed in the Compton scatter-
ing experiments long ago. In order to quantify the possible devia-
tions, we can introduce a correction δe = δe(E, m, H),
ne = n
√
1− m
2
E2 + δe , (13)
with 10−18  δe < 10−9, where the left bound indicates that we 
do not have to consider subleading (Newtonian) term in H in (10)
and we can perform calculations without going to the next orders 
of small parameters.1 We also assume that δe does not change by 
many orders of magnitude with small changes of its arguments 
and satisﬁes existing low-energy experimental limits. We do not 
imply any functional form of δe and focus only on possible experi-
mental detection of δe = 0. Physically, e.g., δe > 0 would mean that 
the electron is coupled to the gravity stronger than predicted by 
GR. Quantum corrections from the Gγ γ vertex [14,15] would con-
tribute to n but not to δe and will cancel out, while corrections to 
Ge+e− vertex will be negligibly small [15] to contribute to δe at 
given precision, so we ignore (expected) quantum gravity effects. 
Assuming a shift ω  ωmax in the Compton edge,
ωmax = Ex
1+ x − ω, (14)
and using energy–momentum conservation condition, we obtain a 
relation between δe and ω,
δe = m
2(1+ x)3
2E3x ω . (15)
If one absorbs δe in the deﬁnition of Newton’s constant for the 
electron, then the difference G = Ge − Gγ  G is related to the 
shift of the Compton edge by
ω
ωmax
= 2γ 2 · n − 1
(1+ x)2 ·
G
G
, (16)
which makes it more evident that it is the electron’s large Lorentz 
factor γ which reveals possible deviations from GR in the exper-
iment. Alternatively, one can keep G as a universal coupling and 
absorb δe into the deﬁnition of the gravitational mass of electron, 
mg =me + m. In this case G/G should be replaced by m/me
in the formula above, as well as in Fig. 3.
4. Experimental results
The high-energy accelerators with laser Compton facilities, such 
as ESRF, HERA, SLC and LEP have been used in particle physics 
studies for years (see their energy and x-parameters in Table 1). 
Although HERA, SLC and LEP are not operational anymore, one can 
analyze available data recorded on these accelerators for polarime-
try studies. One can use the data to check if there is a deviation 
from predictions of GR affecting the Compton edge. This is true for 
the HERA and SLC but not for the LEP Compton polarimeter, which 
generated and registered many photons per machine pulse [16]. 
In this multi-photon regime, any shift of the Compton edge is 
convoluted with the laser-electron luminosity and cannot be dis-
entangled and measured separately.
1 One can show that the case of δe = 0 is equivalent to the isotropic Lorentz-
violation in the QED sector of the Standard Model Extension [13] via c00 = 3c j j =
3δe/4 (no summation by j).Table 1
Sensitivity of different accelerators’ Compton facilities to the electron’s refractive 
index.
Accelerator Electron 
energy 
GeV
Kinematic 
factor x
ωmax
[Ge = Gγ ] 
GeV
ωmax
[Ge = 0] 
GeV
ESRF, PETRA-III 6.0 0.22 1.09 1.43
European XFEL 20 0.74 8.49 16.13
HERA 26.5 0.98 13.1 23.4
SLC, LEP 45.6 1.68 28.6 43.7
ILC 250 9.23 226 249.6
Fig. 2. HERA polarimeter Compton and Bremsstrahlung (darker area) spectra. Verti-
cal solid lines show measured positions of the Compton (CE) and Bremsstrahlung 
(BE) maximal energies. The dashed lines correspond to the predicted Compton edge 
for general relativity (Ge = Gγ ) and intentionally changed (Ge = 0) case.
Unlike the LEP, the SLC polarimeter operated in a multi-electron 
mode and analyzed the energies of scattered electrons using a 
magnetic spectrometer [17]. The spectrometer converted energies 
to positions, which then were detected by an array of Cherenkov 
counters. Relationship between the position Sx and the energy 
E ′ = E−ω of the scattered electron can be obtained from the spec-
trometer’s magnetic ﬁeld according to the expression
Sx = 296.45 GeV · cmE ′ − 9.61 cm . (17)
The scaling factor is from Ref. [17] and the offset, which depends 
on the electron beam position at the interaction point, corresponds 
to a calibration from Ref. [18]. According to this relation, the SLC 
polarimeter’s Compton edge electrons with 17.4 GeV energy will 
enter the detector at a position of 7.43 cm. This is what was mea-
sured with 200 μm statistical accuracy by a kinematic endpoint 
scan and is presented in Figs. 3–9 of Ref. [17]. This is a great ac-
curacy, taken that the Compton edge electrons in the case ne = β
(i.e. Ge = 0) and energy E ′ = E − ωmax = 1.9 GeV would have en-
tered at a position of 146.4 cm. Possible instrumental inﬂuence is 
limited to the initial electron beam position shift, less than 1 cm 
(to be contained in the accelerator’s magnetic lattice [19]) and an 
estimated accuracy of the magnetic spectrometer, better than 2%. 
These factors add up to a maximum energy uncertainty or a possi-
ble offset of 1.4 GeV for the measured value of 17.4 GeV, giving an 
upper bound on the refractive index deviation, 
∣∣δe∣∣< 2 · 10−11. We 
therefore conclude that the SLC polarimeter data does support the 
equivalence principle (and GR gravitational bending) with a good 
accuracy.
At the HERA transverse polarimeter, Compton photons are reg-
istered by a calorimeter in a single particle counting mode. An ex-
ample of the recorded Compton spectrum (adopted from Ref. [20]) 
is shown in Fig. 2 together with a background Bremsstrahlung dis-
tribution.
In contrast to the Compton scattering, in the Bremsstrahlung 
process, the momentum transfer is not ﬁxed, and any small refrac-
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Supercluster (see the text).tive effect is smeared out and becomes negligible. Hence, we cali-
brate the energy scale according to the maximal Bremsstrahlung 
energy (see analysis in Ref. [18]) and show the experimental 
Compton edge energy in Fig. 2, relative to the Bremsstrahlung edge 
and the theoretical values. The ﬁgure shows a span of possible val-
ues of the Compton edge from ne = β to ne given by Eq. (10). 
As it is visible from the plot, deviation of order 10−9 in the elec-
tron refractive index would create a mismatch of order of many 
GeV’s in the position of the edge. Comparing a measured maxi-
mal Compton energy of 12.7 ± 0.1 GeV from Ref. [18]2 with the 
nominal 13.1 GeV opens a room for the speculations with a mis-
match δe = 2 · 10−11. However, there are instrumental errors [20]
adding 1.3% for the non-linear response of the calorimeter at given 
energies and at least 1% for spatial non-uniformity of the calorime-
ter, possibly reducing the mismatch to δe = 4 · 10−12 or smaller. 
In addition, acceleration of the electron due to its electromagnetic 
interaction with the beam and vacuum chamber can be few per-
cent comparing to its gravitational acceleration, which will give the 
right magnitude of effective G and hence a shift in the Comp-
ton edge explaining the data (this analysis is out of scope of the 
article and will be presented elsewhere; for the estimates of the 
transverse forces see [21]). Therefore, we have to conclude that 
the HERA Compton experiment had a potential of either conﬁrm-
ing or discarding the equivalence principle at high energies, if the 
systematic errors were studied more carefully.
In order to make a more concrete conclusion on whether a 
deviation from GR was indeed observed at HERA, we suggest to 
repeat the experiment at existing storage rings (e.g. PETRA-III) as 
well as at the future International Linear Collider (ILC) and Euro-
pean X-ray Free Electron Laser (XFEL), see parameters in Table 1. 
Assuming ω/ωmax ∼ 10−3, one would be able to measure the 
possible mismatch with precision of δe ∼ 5 · 10−12, δe ∼ 10−12 and 
δe ∼ 2 · 10−13 for PETRA-III, European XFEL and ILC, respectively, 
see Fig. 3 (left).
In order to present the best sensitivity in terms of G/G and 
use Eq. (16), we should identify the source of the largest gravi-
tational potential at the surface of the Earth. Following Ref. [22]
we replace the Earth’s gravitational potential, 	⊕ = −GM⊕/R⊕ =
−7 × 10−10 in (16), by the gravitational potential of the Local 
Supercluster with |	SC|  3 × 10−5. Result is shown in Fig. 3
(right). Taken the current bound on the graviton mass [23], mG <
6 × 10−32 eV, and, hence, the minimal range of the gravitational 
forces ∼100 Mpc, one can improve our (conservative) estimates 
by taking into account gravitational potentials from larger or more 
distant mass distributions.
2 Conclusions on the value of n from that paper should be omitted, since ne was 
not taken into account.The use of absolute potentials is not a universally accepted 
practice and, hence, to make our results more robust, one should 
replace the absolute potentials by their gradients. Experimentally, 
this can be done by performing several Compton scattering mea-
surements separated by time intervals suﬃcient to produce vari-
ations in the ambient gravitational potentials. One of examples of 
such variations is related to the changes in the distance between 
Earth and Sun due to the eccentricity of the Earth’s orbit [24]. Let 
us imagine that the measured Compton edge coincided with its 
nominal value (12) in two experiments within the uncertainties 
ω1 and ω2, respectively. In this case, one can show that
∣∣∣∣GG
∣∣∣∣< ω1 + ω2ωmax ·
m2(1+ x)2
4E2|	| , (18)
where 	 is the difference in the gravitational potentials around 
the accelerator for the two experiments. If ω1  ω2, then the 
strongest bounds can be placed by performing measurements at 
the moments when the Earth is at the perihelion (around Jan-
uary 3) and aphelion (around July 4) of its orbit. In this case, 
|	| = 2.43 × 10−10, see Ref. [24]. At ILC, the polarimetry will 
be used as a real-time diagnostic tool and the Compton scattering 
will be performed with every bunch [25], which makes it an ideal 
setup for our purposes. The day-to-day data on the position of the 
Compton edge has an additional advantage: ﬁnite G would man-
ifest itself in an annual variation of the data, which disentangles it 
from the time-independent systematic errors (possibly present in, 
e.g., HERA data).
5. Conclusions
In order to test the equivalence principle, we ﬁrst described 
gravity effects in equivalent refractivity terms. Next, we analyzed 
the high-energy laser Compton scattering, which is extremely sen-
sitive to any small refractivity due to its well-deﬁned initial and 
ﬁnal energy states and ﬁxed momentum transfers. Finally, we ex-
plored available experimental records from the SLC and HERA 
Compton polarimeters, ﬁnding that SLC conﬁrms results of GR with 
a high accuracy, while HERA suggests that relativistic electrons 
may behave slightly different from the GR predictions (within SLC 
bound). However, due to the large (for this type of study) instru-
mental error for the HERA calorimeter and electromagnetic forces, 
the results are not very conclusive, and we propose devoted ex-
periments on existing and future facilities which would lead to 
stronger tests of the theory of general relativity.
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